This study evaluated the effect of air-abrasion on t→m phase transformation, roughness, topography and the elemental composition of three Y-TZP (Yttria-stabilized tetragonal zirconia polycrystal) dental ceramics: two conventional (Lava Frame and IPS ZirCad) and one with high-translucency (Lava Plus). Plates obtained from sintered blocks of each ceramic were divided into four groups: AS (as-sintered); 30 (air-abrasion with 30 mm Sicoated Al 2 O 3 particles); 50 (air-abrasion with 50 mm Al 2 O 3 particles) and 150 (air-abrasion with 150 mm Al 2 O 3 particles). After the treatments, the plates were submitted to X-ray diffractometry; 3-D profilometry and SEM/EDS. The AS surfaces were composed of Zr and t phases. All treatments produced t→m phase transformation in the ceramics. The diameter of air-abrasion particles influenced the roughness (150>50>30>AS) and the topography. SEM analysis showed that the three treatments produced groove-shaped microretentions on the ceramic surfaces, which increased with the diameter of air-abrasion particles. EDS showed a decrease in Zr content along with the emergence of O and Al elements after air-abrasion. Presence of Si was also detected on the plates air-abraded with 30 mm Si-coated Al 2 O 3 particles. It was concluded that irrespective of the type and diameter of the particles, air-abrasion produced t→m phase transformation, increased the roughness and changed the elemental composition of the three Y-TZP dental ceramics. Lava Plus also behaved similarly to the conventional Y-TZP ceramics, indicating that this high translucency ceramic could be more suitable to build monolithic ceramic restorations in the aesthetic restorative dentistry field.
Introduction
Due to their excellent mechanical properties, Y-TZP dental ceramics are among the most widely used framework materials in the field of restorative dentistry. In addition to the mechanical properties, the favorable optical behavior allows this ceramic material to be used as a framework for all types of ceramic restorations, e.g., total crowns, onlays and fixed prosthodontic appliances as well. Y-TZP dental ceramics are composed by a metastable tetragonal phase (t), retained at room temperature by careful control of grain size (<0.5 mm) and stabilizer (Y 2 O 3 ) concentration (2-5 mol%) (1) . During stress experience, a tetragonal-monoclinic (t→m) phase transformation takes place at the crack tips under applied stresses, which is accompanied by a volume expansion of about 3-5% (2). This stress-induced t→m phase transformation leads to the development of internal compressive stresses that oppose crack propagation, creating a toughening mechanism that increases the crack propagation strength of the material (3, 4) .
In addition to the mechanical behavior, the bond between the ceramic and the tooth tissues is crucial to the service life of indirect restorations. The most used protocol for luting glass ceramic restorations involves dissolving the glass phase of the ceramic by etching it with hydrofluoric acid. However, the absence of silica in their structure renders Y-TZP ceramic materials not susceptible to hydrofluoric acid etching. To overcome this limitation, approaches such as air-abrasion, treatment with gas plasma, silica coating, use of phosphate monomers and fusing glass beads have been suggested to modify the Y-TZP ceramic surfaces in order to achieve strong and reliable bond strengths with the resin cements (5, 6) .
Air-abrasion is the most used protocol for creating a microretentive surface in Y-TZP dental ceramics. This technique involves hitting the ceramic surface with Al 2 O 3 or Si-coated Al 2 O 3 particles at high speed, thereby creating a roughened surface with improved wettability (7) . Moreover, due to the metastability, the tetragonal phase of Y-TZP ceramics is prone to martensitic t→m transformation under the stresses produced by air abrasion (2) and this mechanism is able to improve the mechanical properties of the material (8, 9) . Many published studies analyzed the effect of shape, size and chemical composition of the airabrasion particles on the surface of Y-TZP dental ceramics (9,10). However, there is still little information regarding the effect of air-abrasion on elemental composition, roughness, topography and phase transformation of different Y-TZP dental ceramics. Moreover, considering that air-abrasion particles with different sizes are available on the market, it seems of some relevance to evaluate jointly if they could cause dissimilar effects to the different Y-TZP ceramics.
Lava Plus is a recently launched Y-TZP dental ceramic that, according to its manufacturer (3M ESPE), presents high translucency, indicated for zirconia frameworks and monolithic zirconia restorations for anterior and posterior teeth. Although a previous study proved that this ceramic material really presents high translucency (11) , to the best of the authors' knowledge there are no available data regarding the effect of air-abrasion on its structure. Therefore, the purpose of this study was to analyze the effect of air-abrasion with different particles on phase transformation, roughness, topography and elemental composition of different types of Y-TZP dental ceramics by X-ray diffractometry, 3-D profilometry and SEM-EDS analysis. The null hypothesis tested was that there would be no difference in the properties among the three Y-TZP dental ceramics.
Material and Methods
The schematic setup of the experiment is in Figure  1 . Pre-sintered blocks of three Y-TZP dental ceramics: Lava Frame (LF) and Lava Plus (LP), (3M ESPE, Seefeld, Germany) and IPS ZirCad (IZ), (Ivoclar Vivadent, Schaan, Liechtenstein) were sectioned using a diamond disk (Isomet 1000; Buehler, Lake Bluff, IL, USA) in order to produce 20 plates (10 mm x 10 mm x 2 mm) for each ceramic. After sinterization according to each manufacturer's instructions, the plates were ultrasonicated in distilled water for 5 min, polished with 600-, 1200-and 4000-grit SiC abrasive paper (DPU-10; Struers, Ballerup, Denmark). The plates were randomly divided into four groups (n=5) according to the following surface treatments: AS: assintered surface; 30: air-abrasion with 30 mm Si-coated Al 2 O 3 particles (Rocatec Plus, 3M ESPE, Seefeld, Germany); 50: air-abrasion with 50 mm Al 2 O 3 and 150: air-abrasion with 150 mm Al 2 O 3 particles. The three treatments were applied orthogonally to the ceramic surfaces at a pressure of 2.5 bar for 15 s at a 10 mm distance. After the treatments, the plates were ultrasonicated in distilled water for 5 min and air-dried in a glass desiccator containing freshly dried silica gel.
X-ray Diffractometry
The plates were analyzed by X-ray diffraction (XRD) before and after the surface treatments. The used diffractometer was a Bruker AXS D8 Advance (Cu K a radiation, 40 kV and 40 mA), operating in a Bragg-Brentano Θ/Θ configuration. The diffraction patterns were collected in a flat geometry with 0.0194 degree steps and 0.5 s per step accumulation time, using a PSD detector (Bruker AXS LynexEye). The XRD data were refined following the Rietveld method using GSAS-II software (12) . The crystalline phases in the samples were identified with the International Centre for Diffraction Data (ICDD) database by the Match! 1.11f Software.
3-D Profilometry
The topographic analysis was performed using a 3D profilometer (Form Talysurf 60i; Taylor Hobson, Leicester, 
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UK). The plates were scanned with a 20 nm z-resolution, employing 40,000 steps in the x-axis and a spacing of 2 mm in the y-axis. The roughness of the 3D reconstructed images was obtained using the 3-D Sa (average absolute deviation of the surface) and Sv (maximum valley depth) parameters, using the following equations:
Where Z is the height of the measured point in the coordinates x and y.
SEM/EDS Analysis
The elemental composition analysis of the three Y-TZP ceramics before (as-sintered) and after air-abrasion was made by energy-dispersive X-ray spectroscopy (EDS). The plates were fixed on aluminum stubs, sputter coated with Au-Pd and observed by SEM (JSM-6510LV; JEOL, Tokyo, Japan) operating in the secondary electron and EDS modes at 20 KV. The SEM image amplification was 2000×. The used EDS system was the THERMO Scientific NSS v 2.1.
The relative intensity of each X-ray line in the EDS spectrum is approximately proportional to the mass concentration of the corresponding element. The system applies a procedure called ZAF, in which corrections for atomic number (Z), absorption (A) and fluorescence (F) effects are calculated from physical models. In this way, the software automatically calculated the wt.% of each detected element (13, 14) . Figure 2 shows representative X-ray diffraction patterns for the three Y-TZP ceramics submitted to all experimental conditions. On as-sintered surfaces (AS) the three ceramics presented only t-phase peaks: (111), (002), (200), (202) and (113), indicating that the materials are tetragonal in nature. After all surface treatments, the (111), (202) and (113) peaks presented an asymmetric broadening. These peaks also presented a remarkable decrease in their intensities in the 150 Group. A new peak emerged at around 28° (-111) and was detected after the three surfaces treatments. There was a clear reversion in the intensities of peaks (002) and (200) in the 150 group.
Results

X-ray Diffractometry
The wt.% of each phase identified by X-ray diffractometry is presented in Table 1 . Before the surface treatments, the three Y-TZP ceramics presented 100% t phase (Zr 0.95 Y 0.065 O 1.96). After surface treatments, the three Y-TZP ceramics presented an emergence of the m (ZrO 2 ) and c (Zr 0.72 Y 0.0628 O 1.862) phases. On the surfaces treated with 30 mm Si-coated Al 2 O 3 , LP presented the lowest amount of m phase (5.78 wt.%), whereas LF showed the highest (10.26 wt.%). Regarding the c phase, the highest amount was presented by LP (28.01 wt.%). IZ was the only ceramic where SiO 2 was identified after this surface treatment (4.64 wt.%). In surfaces air abraded with 50 mm Al 2 O 3 , the three ceramics presented m phase amounts close to each other (2.18 to 3.82 wt.%). On the contrary, IZ showed a remarkable presence of c phase (23.65 wt.%) compared to LF (7.52 wt.%) and LP (16.5%). Similarly, in the 150 group, there were no remarkable differences in m phase among the three ceramics (7.14 to 11.38 wt.%), but the content of c phase presented by LF (36.43 wt.%) was seven-and two-fold greater than those of IZ (5.11 wt.%) and LP (16.18 wt.%), respectively.
3-D Profilometry
The roughness data were analyzed using two-way analysis of variance and Tukey's HSD test (a=0.05). The mean values and standard deviations for all groups are in Table 2 . For both parameters (Sa and Sv), the roughness was influenced by the air-abrasion particle size, with a significant increase in roughness for particles from 30 to 150 mm (p<0.05). Excepting the Sv value of LF treated with 30 mm Si-coated Al 2 O 3 particles, all other experimental groups presented significantly higher roughness than the as-sintered surfaces (p<0.05). Considering the experimental groups (30, 50 and 150), the lowest Sa and Sv values were presented by LF treated with 30 mm Si-coated Al 2 O 3 particles (p<0.05). The highest Sa and Sv values were, respectively, presented by IZ and by LF and IZ after air-abrasion with 150 mm Al 2 O 3 particles (p<0.05). Figure 3 shows representative 3-D reconstructed images of the three Y-TZP ceramics. It may be noted that although the roughness increased from the as-sintered surfaces to air-abraded surfaces with 150 mm Al 2 O 3 particles, the three Y-TZP ceramics presented a flattened topography, without grooves, after 150 mm Al 2 O 3 air-abrasion.
SEM/EDS Analysis
The elemental composition (wt.%) of the three Y-TZP ceramics before and after the surface treatments is shown in Representative SEM images showing the topography of the three Y-TZP ceramics before and after the surface treatments are in Figure 4 . The three treatments produced groove-shaped microretentions on the ceramic surfaces, increasing with the diameter of air-abrasion particles. Dispersed Si inclusions are evident on the LF air-abraded surface with 30 mm Si-coated Al 2 O 3 particles.
Discussion
The main goal of this study was to analyze In columns, means followed by the same lowercase letter are similar (Tukey HSD, p>0.05). In rows, for each roughness parameter, means followed by the same uppercase letter are similar (Tukey HSD, p>0.05)
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the effect of air-abrasion using different size particles on phase transformation, roughness, topography and elemental composition of different types of Y-TZP dental ceramics: two conventional (Lava Frame and IPS ZirCad) and one with high-translucency (Lava Plus). All these aspects play a crucial role on the behavior of Y-TZP ceramic indirect restorations in the oral environment (15) . Since Lava Plus behaved similarly to the other analyzed materials , the null hypothesis of the present study was accepted. The amount of m phase identified after air-abrasion, ranging from 2.18 to 11.38 wt.% (Table 1) nicely agrees with previous studies (2, 10) . The emergence of m phase may be seen in Figure 2 , where, for the three Y-TZP ceramics a t→m transformation is clear, characterized by a reduction in the intensity and broadening of the t-phase peaks (111) at an angle of 31˚, and the appearance of the left m-phase peak (-111) at an angle of approximately 28˚. Moreover, it is noteworthy that the intensity of this m-phase peak (-111) increased with the diameter of the Al 2 O 3 used for air-abrading the material surface. This finding may be explained by the permanent lattice distortions induced by the increasing mechanical action produced by the impact of the Al 2 O 3 particles on the material surface (10, 16) . Another important aspect seen in Figure 2 is the reversion in the intensities of the (002) and (200) peaks after abrading with 150 mm Al 2 O 3 particles. This behavior has been linked to the ferroelasticity of Y-TZP ceramics, indicating that more residual stresses were triggered on the materials surface (2, 16) . According to Monaco et al. (16) , this change in the intensity of these diffraction peaks may cause an additional increase in the fracture toughness of the Y-TZP ceramics because the application of tensile stress, as found at the tip of an advancing crack, can cause domain reorientation and the absorption of fracture energy without phase transformation. All these aspects prove that the induction of t→m phase transformation was greater after air-abrasion with 150 mm Al 2 O 3 (Table 1) . Hallmann et al. (10) also showed that the greater the Al 2 O 3 particles, the higher the stressinduced t→m phase transformation on Y-TZP ceramic surfaces, claiming that this depended on the coarseness of air-abrasion particles. This behavior was also demonstrated in other previous studies (17, 18) . Moreover, Özcan et al. (8) showed that Al 2 O 3 particles are rougher than Si-coated Al 2 O 3 particles. This aspect may also have influenced the t→m phase transformation produced by 150 mm Al 2 O 3 particles in the present study. In view of the influence of grain size, the greater t→m phase transformation produced by 30 mm Si-coated Al 2 O 3 compared to 50 mm Al 2 O 3 was unexpected and it is not easy to explain. However, this behavior was also found by Yamaguchi et al. (19) , who showed that 30 mm Si-coated Al 2 O 3 produced greater t→m phase transformation than 70 mm Al 2 O 3 . Also, Özcan et al. (8) did not find differences in the relative amount of m phase after abrasion with 30 mm Si-coated Al 2 O 3 and 50 mm Al 2 O 3 .
Since many studies published in this field have shown that as-sintered Y-TZP ceramics are predominantly composed of the tetragonal phase but also present a low content of cubic phase (3, 9) , it was a surprise that no cubic phase was detected in as-sintered specimens in the present study ( Table 1 ). The first explanation of this may be based on differences in the microstructural characteristics of the used Y-TZP ceramics, such as grain size, yttria content and initial phase composition, and those used in those cited studies. Second, Matsui et al. (20) proposed the grain boundary segregation-induced phase transformation (GBSIPT) model to explain the t→c transformation during sintering of Y-TZP ceramics. This model states that, during the initial and intermediate steps of sintering (@1300 °C), a microstructure of monophasic tetragonal and grainboundary segregation of Y 3+ is formed. When the sintering temperature increases (@1500 °C), the widths of Y 3+ ions segregated in grain boundaries and triple junctions increase inside grain interiors with grain growth, and then regions with high Y 3+ concentrations are formed in grain interiors. These regions with high Y 3+ ion concentrations change into the cubic phase by t→c transformation. However, analyzing ultra-pure Y-TZP powder containing 3 mol% yttria, Chevalier et al. (21) found a dual microstructure (t and c phases) only when the ceramic powder was sintered at 1550 °C for 5 h. Based on this, the authors supposed that the maximum temperature used to sintering the Y-TZP ceramics in the present study (1500 °C), was not sufficient to induce t→c transformation, and so the cubic phase was not identified in as-sintered specimens. The results of Pereira et al. (22) , who did not find c phase in as-sintered Y-TZP ceramics may reinforce this possibility.
On the other hand, the c phase was detected in the three Y-TZP ceramics after all surface treatments (Table  1 ). Moreover, the final level of c phase (5.11 to 36.43 wt.%) was higher than that of m phase (2.18 to 11.38 
wt.%), (Table 1 ). Using Vickers indentation to induce phase transformation in a Y-TZP ceramic, Pittayachawan et al. (3) showed that the t→m transformation was more prominent in areas of tensile and shear stresses, whereas the t→c transformation occurred in the center of the indentation, where compressive stress was higher. Thus, since air-abrasion produces more compressive stress than tensile and shear stresses, it is expected that the presence of c phase could be higher than m phase after air-abrasion.
The Sa roughness parameter expresses the average of the absolute values of Z(x,y) in the measured area, equivalent to the arithmetic mean of the measured region on the 3D display diagram when valleys changed to peaks by conversion to absolute values. However, this parameter only supplies a general measure of surface texture and it is insensitive to differentiate peaks, valleys and spacing of various texture features. On the other hand, the Sv parameter, which expresses the maximum valley depth Zv on the surface in the measured area, can supply a more useful information regarding resin-based cement retention to the ceramic surfaces. These data are crucial, because it is well established that air-abrasion increases surface roughness, thereby improving the reliability of adhesion between Y-TZP dental ceramics and the resinbased cements (23) .
The information depicted in Table 2 shows that, for both parameters, the roughness increased with the diameter of the air-abrasion particles. This finding supports those of Turp et al. (17) , who showed an increase in roughness from 0.62 to 0.91 mm after air-abrasion with 30 mm Si-coated, 50 mm and 110 mm Al 2 O 3 particles. From the clinical point of view, this increase in roughness can positively affect the adhesion between Y-TZP dental ceramics and resin-based cements by two ways. First, an increase in surface roughness means that a superficial layer rich in organic contaminants that reduce the wettability of the ceramic surface, is removed. Thus, the interaction between the materials (ceramic and resinbased cement) could be more effective. Second, the increased surface area and deep valleys produced by air-abrasion on ceramic surfaces will create more sites of retention available to the in situ polymerization of the resin-based cement (17, 24) .
Although the roughness increased with increasing airabrasion particle diameter, analysis of Figure 3 shows that the grooves produced by polishing the ceramic surfaces with SiC abrasive papers were smoothed or eliminated after air-abrasion with 150 mm Al 2 O 3 particles. This aspect is noteworthy because it indicates that these surfaces tend to be flattened, even when presenting a higher Sa and Sv roughness. Such topography may contribute to reduce the stress concentration in the adhesive interface between ceramic and resin-based cement. Moreover, Scherer et al. (9) claimed that besides the classic stress-induced t→m phase transformation toughening, the smoothening of the ceramic surfaces produced by air-abrasion with 30 mm silica-coated Al 2 O 3 particles could also contribute to the improvement of fatigue behavior of Y-TZP ceramics. Thus, although the mechanical behavior was not investigated in the present study, it is reasonable to claim that the smoothness surfaces produced after air-abrasion with 150 mm Al 2 O 3 particles (Fig. 3) could positively influence the mechanical properties of Y-TZP ceramics. Certainly, this possibility requires further confirmation.
The SEM/EDS analysis showed that air-abrasion produced alterations in the elemental composition of the Y-TZP dental ceramics (Table 3 ). For the three groups, a decrease in Zr content along with the emergence of Al ranging from 2.99 to 12.14 wt.% was detected. This finding is remarkable because these values are far greater than the content of Al 2 O 3 normally included in the composition of Y-TZP ceramics (@0.25%). According to Hallmann et al. (10) , the kinetic energy of the air-abrasion particles is released in form of thermal energy, thereby causing a local melting of the ceramic surface that can include the particles. Thus, the increased Al and O content detected here could be explained by the inclusion of Al 2 O 3 particles onto the ceramic surfaces. Moreover, the values depicted in Table 3 show that the higher the diameter of the air-abrasion particles, the greater the alterations in elemental composition. Most probably, this is due to the greater surface abrasion produced by the larger abrasive particles, i.e., 50 and 150 mm Al 2 O 3 . The aspects seen in Figure 3 , where more areas of permanent plastic deformation are present in the 50 and mainly the 150 groups (white arrows), may reinforce this explanation.
In the ceramic surfaces air-abraded with 30 mm Sicoated Al 2 O 3 particles, SEM/EDS analysis also detected an emergence of a low content of Si, ranging from 0.40 to 1.10 wt.%. According to Hallmann (10), the kinetic energy of the silica-coated alumina particles is also converted to atom vibration energy of the ZrO 2 lattice, leading to the breaking of the Zr-O-Zr bonds. This favors the chemical reaction between Zr and Si and could produce a melted zirconium silicate nanolayer on the ceramic surface.
Analyzing the aging resistance of Y-TZP dental ceramics, Inokoshi et al. (25) showed that the microstructure and the grain size of Lava Frame, Lava Plus and IPS ZirCad were quite similar. This is corroborated by the results of the present study, in which the elemental compositions of these ceramic materials were found to be in the same range (Table 3) , and could be used to explain why there were no remarkable differences in the properties presented by the three Y-TZP dental ceramics evaluated here.
Three methods of air-abrasion produced t→m phase transformation, increased the roughness, modified the topography and changed the elemental composition of the three Y-TZP dental ceramics. However, these modifications were more effective after air-abrasion with 150 mm Al 2 O 3 particles. Therefore, clinically, the 150 mm Al 2 O 3 particles seem to be more suitable to treat the internal surfaces of Y-TZP dental ceramic indirect restorations. Also, the recently introduced Y-TZP dental ceramic (Lava Plus) behaved similarly to the other ceramics analyzed here. Taking into account its high translucency, this may represent an advantage to this material, indicating that this ceramic is more suitable to build monolithic ceramic restorations in the field of aesthetic restorative dentistry.
Resumo
Este estudo avaliou o efeito da abrasão a ar na transformação de fase t→m, na rugosidade, topografia e composição elementar de três cerâmicas Y-TZP (Zircônia tetragonal policristalina estabilizada por ítrio): duas convencionais (Lava Frame e ZirCad) e uma de alta translucidez (Lava Plus). Placas obtidas de blocos sinterizados de cada cerâmica foram divididos em quatro grupos: AS (pré-sinterizado); 30 (jateamento com partículas de Al 2 O 3 de 30 mm cobertas com Si); 50 (jateamento com partículas de Al 2 O 3 de 50 mm) e 150 (jateamento com partículas de Al 2 O 3 de 150 mm). Após os tratamentos, as placas foram submetidas à difratometria de Rx, perfilometria 3-D e microscopia eletrônica de varredura com espectroscopia de energia dispersiva de Rx (SEM/EDS). As superfícies pré-sinterizadas apresentaram predominantemente Zr e fase tetragonal.
Todos os tratamentos superficiais produziram transformação t→m nas cerâmicas avaliadas. A topografia e a rugosidade foram influenciadas pelo diâmetro das partículas abrasivas (150>50>30>AS). A análise através de SEM mostrou que os três tratamentos produziram fendas retentivas nas superfícies das cerâmicas, por influência do tamanho das partículas. A análise através de EDS mostrou uma diminuição da concentração de Zr, paralela ao surgimento de O e Al, após o jateamento. No grupo tratado com partículas de Al 2 O 3 de 30 mm cobertas com Si foi também observado um aumento de Si após o jateamento. Concluiu-se que, independente do tipo e do diâmetro das partículas, o jateamento produziu transformação t→m, aumentou a rugosidade e alterou a composição elementar das cerâmicas avaliadas. A Lava Plus apresentou comportamento semelhante às cerâmicas convencionais, indicando que esta cerâmica de alta translucidez pode ser mais adequada à confecção de restaurações monolíticas no campo da odontologia estética restauradora.
